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Optical propertiesIn this paper, thermal treatment procedures were utilised to prepare crystalline nickel oxide semiconduc-
tor nanoparticles, derived from an aqueous solution. The solution consists of three compounds, primarily
nickel nitrate, polyvinyl pyrrolidine and deionised H2O acting as metal precursor, capping agent and sol-
vent, respectively. The solution was made prior to the drying, grinding and calcination at varying temper-
ature settings up to 800 C. The scanning Electron Microscopy (SEM) images allowed a detailed study on
the morphological of the monocrystalline grains which were obviously observed in the specimen, show-
ing them to be almost identical in shape and size. The Infrared Fourier Transform (FTIR) and X-ray diffrac-
tion (XRD) results demonstrated a transformation of the amorphous structure at room temperature to the
crystalline structure at higher temperatures during calcination process. The mean particle diameter and
particle distribution were found to be directly proportional to temperature increased. The transmission
electron microscopic (TEM) analysis revealed that the particle diameters vary between 15 and 35 nm
when temperature increased between 500 and 800 C. The composition of the specimens was delineated
by energy dispersed X-ray spectroscopy (EDX), which identified nickel and oxygen atomic percentages in
the final products. Optical characteristics were deducted from a UV–Vis reflectance spectrophotometer,
which demonstrated the energy band gap decrement as the calcination temperatures increased.
Magnetic properties were determined through electron spin resonance spectroscopy (ESR), which
revealed the presence of unpaired electrons. The magnetic field resonance decreases along with an
increase of the g-factor value as the calcination temperature increased from 500 to 800 C.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
In recently modern researches, metal and metal oxide nanopar-
ticles have undergone a surge in interest as a result of their numer-
ous physical/chemical properties, as well as their wider
applicability over larger particle utilization [1,2]. As one example
of these metal oxide nanomaterials, nickel oxide is a II–VI compos-
ite semiconductor made up of nickel (group II) and oxygen (group
VI) from the periodic table of naturally elements [3]. The II-VI
semiconductor NiO has a face centre cubic (fcc) crystal structure
and is thought to be a material with many uses, as it demonstrates
a range of intriguing chemical and physical characteristics. NiO is a
P-type semiconductor transition metal oxide, which includes
direct band gaps of 3.5–3.8 eV [4]. This unique structure results
in a range of intriguing characteristics, which mean that NiO nano-materials can be successfully employed in a range of physical
applications
Nickel and its oxide nanoparticles show great potential for
material use. They confer superior magnetic, electrical, thermal,
optical, catalytic and mechanical performance [5–10]. Nickel oxide
Nanostructures have been applied as catalysts, thermistors, sen-
sors and additives, for gas and ceramic [11]. They are also found
in battery electrodes and even stained glass [12–15] [5–8]. NiO
nanoparticles are highly robust and feature a broad direct band
gap of (3.56 eV). They are also p-type semiconductors and can be
both super-paramagnetic and superanti-feromagnetic [16].
There are several approaches for synthesizing NiO crystalline
nanoparticles which have been refined in recently published
researches. Namely, via chemical reactive processes [17], elec-
trodeposition [18], solution growth [14], pulsed-laser deposition
[19], high-temperature nickel oxidation, spray pyrolysis [20], sput-
tering [21], sol–gel technique [22], the reverse-micellar route [23]
and sol-gel formation [24]. Recently, the NiO nanoparticles have
been synthesized using pulsed laser ablation technique then the
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[25]. Spherical NiO nanoparticles were synthesized by microemul-
sion technique using rhamnolipids as the surfactant [26]. El-
Kemary et al. synthesized NiO nanoparticles using the reaction of
nickel chloride with hydrazine at room temperature and thermal
decomposition of the Ni(OH)2. It was reported that Ni(OH)2 is cal-
cinated at 400 C and obtained nanoparticles with size of 45 nm
and the energy band gap of 3.54 eV [27]. Kumar et al. prepared
Ni and NiO nanoparticles using water-in-oil microemulsions. The
authors reported that NiO nanoparticles prepared by the reduction
of Ni(NO3)2 with alkaline NaBH4 using hydrazine hydrate as a
reducing agent [28]. More recently, Fayem et al. synthesized NiO
and PANI/NiO nanoparticles by using the precipitation technique
[29]. Salavati-Niasari et al. synthesized NiO nanoparticles by
heat-treatment of nickel octanoate Ni(octa)2; (octa = octanoate);
in the range of 400–900 C. The authors have reported that the
thermal treatment decomposition has some advantages such as
simple process, low cost and easiness to obtain high purity prod-
ucts hence it is quite promising and facile route for industrial
applications [7]. A further comparison between the present work
and some of previous works has been shown in the Results and
Discussion Section. But, the primary goals of some of the previ-
ously discussed works were to generate nanoscale materials which
may be subject to fine manipulations – leading to inexpensive, eco-
friendly and exceptionally pure for substances for many different
usages in technology. Additionally, a lot of these methods are prob-
lematic given our present limited knowledge and the need for
highly sophisticated methods in terms of long reaction durations,
excessive temperatures and application of precursors which may
be hazardous.
In this work, nickel oxide nanoparticles have been prepared via
thermal treatment, utilizing only nickel nitrate, polyvinyl pyrroli-
done and deionised H2O as a precursor, capping agent and solvent,
respectively, as per our prior research efforts [30–33]. The mor-
phology and structure of the prepared NiO within the sample are
ascertained though X-ray Spectroscopy (XRD) as well as Scanning
and Transmission Electron Microscopy procedures (SEM/TEM).
Optical specifications were derived through UV–Vis diffused reflec-
tance spectrum. The Kubelka-Munk function used to ascertain the
optical band gap energy. ESR (Electron Spin resonance spec-
troscopy) deduce magnetic properties of NiO nanoparticles in
ambient temperatures. This approach is straight-forward, with
inexpensive initial materials, and thus is a viable route for produc-
ing a large-scale product.Experimental work
Materials
As discussed prior, the used materials were a nickel nitrate
reagent, PVP and deionised H2O. The polyvinyl pyrolidone, with a
58,000 g/mol molecular weight, was sourced from Sigma Aldrich.
Nickel nitrate, the metal precursor, was purchased from Acros
Organics with a molecular weight of 290.80 g/mol. No modifica-
tions were made upon receipt of these raw materials.Synthesis of the nanoparticles
To produce the polymer solution, 4 g of PVP was added to
100 ml of H2O (deionised). This was followed by the addition of
0.2 mmol of nickel nitrate Ni(NO3)26H2O. The solution was mixed
for two hours in order to maximise homogeneity. H2O was then
evaporated by placing the solution in a petri dish and kept at
80 C for twenty-four hours in an oven. The resultant solid was
then ground with a pestle and mortar for fifteen minutes, sepa-rated into fifths and these were then each calcinated in incremen-
tal temperatures from 500 to 800 C. The calcination process took
place for three hours in order to form metal oxide crystallisation
and the elimination of organic matter [31,34–37].Characterisation
Several techniques were applied in order to ascertain the many
properties of the formulated NiO crystalline particles. Structural
properties were delineated via a Shimadzu model 6000 X-ray
diffraction spectrometer (XRD), extrapolating 0.154 nm of CuKa
as an aid for radiation which diffractive S from crystalline speci-
mens at room temperature. Infrared measurements were taken
via the Perkin Elmer 1650 FTIR (Fourier Transform Infrared Spec-
trometer) at 280–4000 cm1. Measurements also indicated the
removal of the capping agents and organic compounds which
result in the remaining NiO. Particle morphology, diameter, distri-
bution and homogeneity were each measured by a JEOL 2010F UHR
TEMmodel which ran at a 200 kV incremental speed voltage. Addi-
tionally, a Shimadzu UV-3600 UV–Vis spectrophotometer was uti-
lised for ascertaining optical characteristics of specimens at
ambient temperatures, ranging between 200 and 800 nm. Mag-
netic properties were deduced via an ESR machine in the same
environment.Results and discussion
Surface morphology
SEM analysis was performed to observe the morphological
changes in the synthesized sample nanoparticles. The SEM micro-
graphs of all the as-synthesized NiO nanoparticles at different cal-
cination temperature are shown in Fig. 1. The surface
morphological make-up of the NiO nanopowders having been cal-
cinated between 500 and 800 C was analysed by SEM. The result-
ing images are displayed in Fig. 1. The specimen comprised a
consistently patterned NiO clusters in which collective sizes
increased as temperatures rose. Rising of calcination temperatures
results in amassed proximal clustering which are bounded to
another and large in size [38].FTIR study
FTIR reveals important elements concerning vibrational fre-
quencies of functional groups, as well as their matrix structures.
The preceding and resulting powder states after varied tempera-
ture treatments are shown in Fig. 2. FTIR specimens peak prior to
the calcination temperature demonstrating substantial absorption
of PVP polymer groupings. Absorption peaks of the following wave
numbers 1649, 2938, 3408 cm1 were paired with stretching
vibration values of C@O, CAH, and NAH, in this order as Ansari
et al. reported [37]. Peaks at 1427 cm1 were paired to the CAH
bending vibration sourced from the methylene group, whereas
1274 cm1 linked to the stretching vibration value for CAN [31].
Lastly, 835 cm1 linked to vibrations emergent in the CAC ring
and 408 cm1 to NiAO. Temperatures of 500 and 600 generated
bands of 1117 cm1 and 1427 cm1 and resulted from the basic
hydrated carbonate banding vibrations. At the more extreme tem-
peratures of 700 and 800 C absorption peaks were isolated for NiO
nanoparticles and were found to reduce in value as the tempera-
ture increased during the calcination procedure. This demonstrates
that the NiO nanoparticles extrapolated from the process bestow
exceptional purity. FTIR results conveyed nanoparticle and organic
substance absorption bands are resultant from PVP degradation.
Fig. 1. SEM images of NiO nanoparticles at calcination temperatures of (a) 500 and (b) 600, (c) 700 and (d) 800 C.
Fig. 2. FTIR spectra of (a) PVP and NiO nanoparticles at (a) 30, (b) 500, (c) 600, (d)
700, and (e) 800 C in the range of 280–4500 cm1.
Fig. 3. XRD patterns of as-prepared and calcined NiO nanoparticles at different
temperatures of (a) 30, (b) 500, (c) 600, (d) 700, and (e) 800 C.
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Powder X-ray diffraction (XRD), revealed crystalline parameters
of the prepared NiO nanoparticle sample through a CuKa source
wavelength of k = 1.54056A. Diffraction pattern of the powder
was noted at a number of differing angles of diffraction (2h)
between 10 and 80. Fig. 3 displays the X-ray diffraction pattern-ing at the various calcination temperatures. Prior to the calcination
process, it is suspected the specimen is in amorphous due to the
absence of XRD peaks – only at 500 C did they become apparent,
indicative of the NiO nanoparticle structure in single phase.
Regardless, crystallisation of NiO nanoparticles did not reach com-
pletion given the presence of nickel carbonate, evident from the
peaks observed at 29 and 31. However, the calcination process
occurring at 600 did generate crystalline NiO nanoparticles of high
purity and single phase in nature.
The presence of various diffractive peaks – (1 1 1), (2 0 0),
(2 2 0), (3 1 1) and (2 2 2) planes within diffractive sequences indi-
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cubic structure) as delineated by the JCPDS cards 36-1451. Decent
crystalline conditions were obtained at >600. Throughout the cal-
cination process, peaks fluctuated, both increasing and decreasing
in tandem as a result of optimal crystallinity conditions at 700 and
800.
A growth in crystallinity means the constant expansion of the
nanomaterial’s overall mass throughout heating procedures to
compensate interfacial surface energy. Diffractive peaks are sug-
gested to be resultant of the NiO nanoparticles’ cubic form.
Crystalline diameters were measured to be 14–34 nm following
testing, and were deduced for the greatest peak magnitude of 2 0 0
through Scherrer’s equation [39]. The results are listed thusly:
D ¼ 0:9k=b cos h ð1Þ
where D is the crystallite size (nm), b is the full width of the diffrac-
tion line at half of the maximum intensity, i.e., (2 0 0) which is mea-
sured in radians, k is the X-ray wave length of Cu Ka = 0.154 nm and
h is Bragg’s angle [40].
X-ray diffraction patterns demonstrate the existence of pow-
ders manifested in their purest form, in single phase alignment
and with no notable diffraction peaks aside from the typical peaks
facilitated by the FCC phase NiO nanoparticles. As such it is evident
that NiO nanoparticles that have been generated through the phys-
ical stages of preparation produce exceptional purity.
EDX
The EDX spectrum of NiO synthesis via thermal processes is
presented in Fig. 4. Corresponding Ni and O peaks were found in
the specimen, corroborating NiO nanoparticle synthesis and results
generated by XRD measurements. The atomic percentage of Ni was
48.94%, with O constituting 51.06%. Peaks gold were derived from
the initial stages of preparation for EDX observation. Additionally,
heat treatment was found to be a highly efficient process given
that the entire procedure evidently utilised all materials, resulting
in no losses.
TEM
TEM provides diagnostics of size, distributes of differently sized
particles and their agglomeration behaviour. Image J, a specialised
computer program, was used to measure particle sizes and theirFig. 4. The EDX spectrum of the NiOdistribution, by means of taking specimens with >100 nanoparti-
cles each. Fig. 5 is a histogram that demonstrates the relevant par-
ticle size and their distributes, for each of the different calcination
temperature settings. Additionally, it shows that NiO nanoparticles
derived from the process are spherical, with small distribution
sizes. Calcination temperature (ranging from 500 to 800 C) and
particle size were found to be directly proportionate [34,35]. This
is indicative of PVP degradation through temperature increase,
which in turn triggers proximal particles to bind, resulting in an
overall increased mass [30,36,41]. In the context of 500 C heat
treatment, 15 nmwas a typical measurement; this figure increased
to 35 nm in 800 C the treatment context, which further corrobo-
rates XRD findings (listed in Table 1) relating to particle size
measurements.Optical properties
Optical Diffuse Reflectance Spectra (DRS) were recorded via
UV–Vis spectroscopy for the NiO nanoparticles. An energy band
gap is depicted in Fig. 6 for nanoparticles analysed through the
DRS, the following was obtained in using the Kubelka-Munk func-
tion, given in Eq. (2):
ðFðR1Þ  hvÞ2 ¼ ðA  ðhv-EgÞÞ ð2Þ
here, F(R1) is the ‘‘emission parameter”, or Kubelka-Munk func-
tion, hv represents incident photon energy, A is a constant, depen-
dent on both transition likelihood and the diffuse reflectance R1,
and R1 is the diffuse reflectance derived from R1 = Rsample/
Rstandard [42]. In plotting the square provided by the Kubelka
Munk function [F(R) hv]2 vs. energy, and by elucidating the linear
aspect of the curve to [F(R)hv]2 = 0 for the specimens having under-
gone calcination at temperatures between 500 and 800 C, the
direct band gap energy of the substance may be obtained. Optical
band gaps of 3.60, 3.57, 3.55, and 3.51 eV were ascertained for spec-
imens having undergone calcination at 500, 600, 700 and 800 C, in
this order, demonstrated by Table 1. Values of energy band gap
were found to be inversely proportionate to the calcination temper-
ature increases as a result of quantum size phenomena. If a
nanoparticle produces energy band composure, then if the quantity
of atoms were to rise, electronic bands within the particle will be
drawn to the core as a result of an increase in protons [43]. A com-nanoparticles calcined at 700 C.
Fig. 5. TEM images and particle size distribution of NiO nanoparticles at calcination temperature of (a) 500, (b) 600, (c) 700 and (d) 800 C.
Table 1
Summary of the structural and optical properties of synthesized NiO nanoparticles at
different calcination temperatures.
Temperature (C) DXRD (nm) DTEM (nm) Eg (eV)
500 14 15 ± 4 3.60
600 19 20 ± 2 3.57
700 21 23 ± 3 3.55
800 34 35 ± 3 3.51
[F
(R
)h
v]
2  (
eV
/m
)2
Photon (eV)
Fig. 6. The method of extracting the band gaps of NiO nanoparticles calcined at
different temperatures of (a) 500, (b) 600, (c) 700 and (d) 800 C.
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been shown in Table 3.Electron spin resonance
The electron spin resonance spectrum (ESR) for the various cal-
cination temperature iterations is given in Fig. 7. Results appear to
have wide scope and are symmetrical, as a result of unpaired elec-Fig. 7. ESR spectra of NiO nanoparticles calcined at different temperatures of (a)
500, (b) 600, (c) 700 and (d) 800 C.
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all found in the specimens of the various temperature environ-
ments to suggest paramagnetic characteristics. A decrease in the
overall resonant magnetic field was observed between 296.4 and
289.7 G as temperatures of the calcination processes increased
between 500 and 800 C, as presented in Table 2. The table also
shows a rise in g-factor from 2.28167 to 2.29367 across the calci-
nation temperature variations. This is suggestive of the fact that
the inner-magnetic field rose as the calcination temperatures
increased, meaning that generally, magnetic properties are magni-
fied as particle size rises. The g-factor value is provided through
means of the following equation:
g ¼ ðhvÞ=ðb HrÞ ð3Þ
Here, h = Planck’s constant, v represents microwave frequency,
and b = Bohr magneton (9.274  10–24 JT1). Hr represents the
resonant magnetic field; this value is expected to fall in the caseTable 2
Magnetic parameters of NiO nanoparticles observed for ESR analysis.
Temperature (C) ?? factor Hr (Oe)
500 2.28167 296.4
600 2.28343 294.2
700 2.29307 291.9
800 2.29367 289.7
Table 3
A comparison between the present work and some of previous works.
Method Size
(nm)
Energy
band
gap (eV)
References
Pulsed laser ablation 8 3.62 Gondal et al. [25]
Thermal decomposition 45 3.54 El-Kemary, et al. [27]
Microemulsions 8–100 – Kumar et al. [28]
Precipitation 40 3.64 Fayem et al. [29]
Emulsion 47 – Palanisamy and Raichur [26]
This method 14–35 3.51–3.60
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Fig. 8. A proposed mechanism of the interactof a rise in g-factor. However, v values are constants according to
EPR Spectroscopy analysis. Rises in g-factor, reduction of Hr, and
subsequently increases in magnetisation have been established in
prior research concerning NiO nanoparticles.
Formation mechanism of the NiO nanoparticles
In Fig. 8, the interaction between the Ni ions and PVP prior to
the calcination procedure is suggested. Ni (NO3)2 was combined
with PVP as agent and H2O acting as the solvent. As the solution
is mixed, metallic ions attract amine groups of polymer chains
via ionic-dipole communication. Following this, a ‘‘mobility con-
gealment” of metallic cations within the polymer depression was
implemented, resulting from the absence of H2O in the dry solu-
tion. The gradual disappearance of PVP throughout the calcination
procedure and increased temperatures facilitate the formation and
development of NiO nanoparticles, which then cause proximal par-
ticles to bind together. Once the calcination process was complete,
PVP values and unnecessary anions were eliminated from the spec-
imen, as NiO nanoparticles form, combine, and exceed interfacial
surface energy. Thus, they amass into larger particles, the greater
the temperature, the larger the resultant particles. It is here
hypothesised that PVP is instrumental in NiO nanoparticle nucle-
ation, as well as its role as a manipulative tool to yield desired par-
ticle sizes [30,31,33].Conclusions
In this study, NiO nanoparticles have been produced through a
basic heat treatment procedure. Particles ranging from 15 to 35 nm
in size were obtained through the varying thermal treatment
which ranged from 500 to 800 C, with smaller sizes yielded at
lower temperatures. Many tools have been utilised in ascertaining
the many nanoparticle properties, namely, FTIR spectroscopy,
which delineated NiO bands for all contexts. Ni and O peaks were
derived via EDX analysis, which showed that NiO indeed formed
following calcination procedures. The Kubelka-Munk function
revealed from UV–vis reflectance spectra that the band gap energyDrying at 80 °C
H
O
H
H
O
H
O
n
Ni+
2NO3
C
alcination
Pure NiO NPs
Rem
ova
l of
PVP
and
nuc
leat
ion
ion between PVP and metallic ions [30].
1030 M. Hashem et al. / Results in Physics 6 (2016) 1024–1030value of NiO was predicted to decline from 3.60 to 3.51 eV as cal-
cination temperatures rose from 500 to 800 C, respectively. ESR
spectroscopy revealed the presence of unpaired electrons, with
Hr and g-factors also delineated. Rises in g-factor and decline in
the RMF, Hr, followed the incremental increase in calcination tem-
peratures from 500 to 800 C. This suggests an increase in the mag-
netic potency of the observed specimens, in which particle size
rose proportional with calcination temperatures.
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